We describe the fabrication of multiterminal semiconductor/ferromagnet probes for a new technique to study magnetic nanostructures: spin-filter scanning tunneling microscopy. We describe the principle of the technique, which is based on spin-polarized tunneling and subsequent analysis of the spin polarization using spin-dependent transmission in the probe tip. We report the fabrication of the probes having a submicron semiconductor/ferromagnet heterostructure at the end of the tip. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3068128͔
The continuous reduction in critical feature sizes in both magnetic data storage and semiconductor technologies requires characterization techniques with ever higher spatial resolution. The emerging field of spintronics 1 also requires appropriate techniques to study spin-related phenomena in magnetic nanostructures. 2 Scanning probe techniques 3 such as magnetic force microscopy ͑MFM͒ and spin-polarized scanning tunneling microscopy ͑SP-STM͒ are frequently employed. MFM is versatile because it does not require ultraclean nor conducting samples. However, as it relies on magnetic stray fields, the data interpretation are not always straightforward, while the typical best resolution is limited at around 20 nm, 4, 5 which is close to the critical feature size in magnetic nanostructures.
SP-STM is a powerful technique in terms of the wealth of electronic information it provides, including the position of exchange-split features in the local density of states ͑LDOS͒, 6 and has proven capable of the ultimate resolution by imaging magnets at the atomic scale. 7, 8 SP-STM is usually performed in the differential conductivity mode 6 where its need for exchange-split states to produce strong features in the LDOS, low temperatures, and its spectroscopic nature limits its applicability and makes the extraction of quantitative magnetic information more difficult. To obtain the sample tunneling spin polarization ͑TSP͒ with SP-STM, one must know the corresponding TSP of the last atoms of the tip ͑magnitude and direction͒, which may not be a trivial matter. Thus, it would be highly desirable to have a technique capable of measuring directly and quantitatively the sample spin polarization at Fermi level and with atomic resolution. This is of importance for assessing spin transport in new materials and devices. 9 Here we propose a novel technique, namely, spin-filter scanning tunneling microscopy ͑SF-STM͒. As in SP-STM, this new technique relies on spin-polarized tunneling between tip and sample to extract magnetic information from surfaces. The difference is that in SF-STM, the spin analysis occurs within the tip in a semiconductor/ferromagnet heterostructure-after tunneling. The novel tip design consists of a top metallic surface where tunneling takes place, followed by a semiconductor/ferromagnet heterostructure in which transmission is spin dependent ͑see Fig. 1͒ . There are two separate contacts to the tip, one to the metallic surface, the other to the semiconductor. Magnetic contrast is provided by the dc measurement of the current collected in the semiconductor, which acts as an information channel independent of the tunneling current.
SF-STM combines principles used in ballistic electron emission microscopy [10] [11] [12] and devices such as the spin-valve transistor and the magnetic tunnel transistor. 13 The operating principle is as follows. Electrons from the surface of a magnetic sample tunnel into the SF-STM probe due to a negative bias V T applied to the sample ͑see is applied between the magnetic sample and the metal layer stack on the tip, resulting in a spin-polarized tunneling current I T . A small portion of the carriers is able to transmit the normal metals and the ferromagnetic layer of the tip, cross the semiconductor/metal interface, and enter the semiconductor, forming the collector current I C . The magnitude of I C is dependent on the spin polarization of the sample because the transmission from the ferromagnetic metal into the silicon is spin dependent. The semiconductor/metal contact is defined only at the apex of the tip via SiO 2 isolation of the rest of the structure.
A ferromagnetic layer in this stack causes the scattering in the tip to be spin dependent, with usually stronger attenuation of minority-spin electrons. 13, 14 After scattering in the metal stack, some electrons can reach the semiconductor/ metal interface with the proper energy and momentum required to overcome the Schottky barrier at this interface and be collected into the semiconductor, 11, 13, 15 forming the collector current I C . I C depends on the relative alignment of the magnetization of the sample and the ferromagnetic layer in the tip, in analogy with the prototypical polarizer-analyzer optical experiment. 12 More precisely, the relative change in I C between parallel and antiparallel states of sample and tip is proportional to ͑i͒ the TSP near Fermi level of the sample and ͑ii͒ the spin asymmetry of the transmission of the magnetic layer in the tip. As shown before, 13, 16 the latter can be made close to unity, allowing quantitative determination of the sample TSP. We note that the principle is well established in the planar device geometry of the magnetic tunnel transistor. 16 However, since in SF-STM I T originates from an atomic scale region of the sample, high resolution quantitative magnetic imaging becomes possible while effectively decoupling topographic information ͑contained in the magnitude of I T ͒ from the spin information.
In the remainder of this paper we describe the fabrication process developed for the SF-STM probes and study the results in order to assess their use in SF-STM. For the realization of this technique probes have been fabricated in the form of silicon double pyramids terminated with submicrometer Schottky diodes serving as the active elements for tunneling/spin filtering ͓see Fig. 3͑a͔͒ . The double pyramid structure was chosen for two reasons. First, there is the need for a large and high-aspect-ratio probe to be able to approach a flat sample while allowing for a small deviation of the tip-sample alignment. Second, the apex of the probe must have a small area where the semiconductor/metal interface is defined, resulting in a diode contact with a high resistance ͑ϾG⍀͒. This is required to obtain a sufficient signal to noise ratio to detect I C .
11 This is most easily achieved by first etching a large bottom pyramid and then in a more controlled way a small pyramid on top. A similar approach has been previously followed for the fabrication of near-field scanning optical microscopy probes. 17 The probes are made from n-type silicon ͑100͒ substrates. The process starts with the formation of a thin pad oxide ͑SiO 2 ͒ and deposition of a silicon nitride ͑Si 3 N 4 ͒ layer. A circular pattern of 10 m diameter is defined in the nitride by photolithography, serving as a mask to define the small pyramid later in the process. Then a thick oxide is thermally grown and patterned in a larger concentric circle by a second photolithographic step. This oxide mask is used to define the large bottom pyramid having a height of 120 m and a 40 m top mesa by anisotropic wet etching of silicon in a hot solution of potassium hydroxide ͑KOH͒. 18, 19 Then the remaining oxide mask is removed and the nitride mask is used to define the smaller top pyramid also in KOH solution, with a height of ϳ15 m. The small pyramid has a top area less than 1 m capped by the nitride mask, as shown by scanning electron microscopy ͑SEM͒ in Fig. 3͑b͒ .
Next, the structure is again thermally oxidized to produce a SiO 2 electrical isolation layer everywhere except in the top area of the small pyramid, where the nitride cap prevents oxidation as in standard local oxidation of silicon ͑LOCOS͒. 20 During this process the top silicon becomes rounded due to the formation of oxide beaks in a geometry similar to fully recessed LOCOS. 21 After removal of the nitride cap and some oxide by wet chemical etches, the submicrometer rounded silicon top is exposed, as shown by atomic force microscopy ͑AFM͒ ͓see Fig. 3͑c͔͒ . The last step is a HF dip to remove any native oxide from the top Si area and to cover the probe with the metal layer stack using a molecular beam epitaxy system at a pressure of 10 −10 mbar. The layer stack includes first a gold layer of ϳ10 nm to create a high-quality interface with the silicon of 0.8 eV Schottky barrier height, then the thin ͑ϳ5 nm͒ ferromagnet for spin-dependent filtering, and finally a thin gold cap layer that provides an inert surface to allow ex situ tip transfer to the SF-STM system. We note that STM probes do not need to be perfectly sharp to provide atomic resolution, as previously shown in SP-STM experiments using tips with 0.5 m radius. 6 Electrical transport between the two terminals ͑metal layer and semiconductor͒ of the SF-STM probes show I-V curves with rectifying behavior consistent with Schottky diodes. By defining wider top areas during formation of the small pyramid, it is possible to form surfaces where accurate characterization of the diode area by optical microscopy or AFM is possible. Analysis of such structures shows Schottky barrier heights of 0.8 eV and zero-bias resistances in excess of 1 G⍀, which indicates the feasibility of using such tips for magnetic imaging via the newly proposed technique.
In conclusion, we have presented the concept of a new STM-based technique to study the spin polarization of magnetic surfaces near the Fermi level. The technique is based on spin-polarized tunneling and spin analysis after tunneling in a multiterminal semiconductor/ferromagnet tip. To realize this we have designed two-terminal probes with submicrometer top areas where tunneling and spin analysis take place. The process designed for fabrication of the tips results in proper geometries and electrical properties. This work shows the promise of a new and complementary technique to study transport in spintronic materials and devices.
